INTRODUCTION
Establishing the geographic pattern and magnitude of natural climate variability in the late Holocene is important for anticipating and understanding the likely patterns of future climate change. A number of detailed climate records spanning the past 1-2 k.y. demonstrate that climate data of the late Holocene contain high-amplitude variability. Regional patterns and individual records during recent cold and warm extreme climate states, i.e., the Little Ice Age (LIA) and the Medieval Warm Period (MWP), are complex and highly variable. Cooling and/or warming in one region may be associated with warming and/or cooling or no change in another region, and individual proxy records may represent local climate phenomena, and are not necessarily representative of hemispheric patterns (e.g., see summary in Crowley and Lowery, 2000) .
Hemispheric temperature reconstructions (e.g., Mann and Jones, 2003) that are based on a large number of temperature-sensitive proxy records with variable spatial and temporal resolution result in a record in which variability over the past 1 k.y., prior to A.D. 1900, is subdued (≤0.5 °C). The resulting low-amplitude reconstruction contrasts with several individual marine records that indicate that centennial-scale sea surface temperature (SST) oscillations of 2-3 °C occurred during the past 1-2 k.y. (i.e., Keigwin, 1996; Watanabe et al., 2001; Lund and Curry, 2006; Newton et al., 2006) . Tree-ring and multiproxy reconstructions designed to capture multicentennial-scale variability (e.g., Esper et al., 2002; Moberg et al., 2005) also suggest that the amplitude of natural climate variability over the past 1 k.y. is >0.5 °C. Thus there is confl icting evidence on the amplitude of late Holocene decadal to century-scale climate variability. Resolving these discrepancies requires the continued development of quality high-resolution late Holocene climate records.
Here we present a continuous, decadal-scale-resolution marine record from the Pigmy Basin, located on the continental slope in the northern Gulf of Mexico (27°11.61 N, 91°24.54 W, water depth 2259 m). During the boreal summer the Western Hemisphere Warm Pool (WHWP) extends into the Gulf of Mexico, with SSTs exceeding 28.5 °C throughout. The WHWP, which extends from the eastern North Pacifi c Ocean through the Gulf of Mexico and Caribbean and into the tropical Atlantic, is the dominant heat source for the Western Hemisphere extratropics during the summer, and is the primary moisture source driving the North American Monsoon (Wang and Enfi eld, 2001 ). The Gulf of Mexico is closely linked to the Caribbean and tropical Atlantic via the Loop Current, a surface-ocean current that brings warm waters from the Caribbean Sea through the Yucatan Strait into the Gulf of Mexico before exiting through the Florida Straits to be incorporated into the Gulf Stream.
METHODS
Age control for Pigmy Basin box core PBBC-1 is based on seven accelerator mass spectrometer 14 C dates (see GSA Data Repository supplementary materials 1 ). Raw radiocarbon dates were converted to calendar years using the CALIB 5.0 program with a 400 yr reservoir correction (Stuiver et al., 1998) . Calibrated ages were plotted against core depth, and a least squares regression (r 2 = 0.995) indicates a linear sedimentation rate of 43 cm/k.y. (within the errors of the calibrated dates) and a core-top age of 0 yr B.P. The youngest radiocarbon date indicates a post-A.D. 1950 age for the upper 2 cm of core PBBC-1; therefore we infer that the data from the core top in our record represent near-modern conditions. The age model with a sampling interval of 0.5 cm results in an average sample resolution of 12 yr throughout the record.
Sediment samples were processed for faunal, isotopic, and elemental analyses using standard procedures (see footnote 1). Isotopic and elemental analyses were performed on the 250-300 μm size fraction of the white variety of Globigerinoides ruber. Oxygen isotope ratios were measured on a ThermoFinnigan Delta Plus XL light stable isotope ratio mass spectrometer at the College of Marine Science, University of South Florida (CMSUSF). The average precision for δ
18
O calcite is ±0.09‰, based on replication of 15% of the samples (n = 20 replicates). Samples for Mg/Ca analysis were cleaned according to the procedure outlined in Appendix 1 of Barker et al. (2003) . Elemental analyses were performed on a Perkin Elmer Optima 4300 dual view inductively coupled plasma-optical emission spectrometer at the CMSUSF. The average precision for Mg/Ca values is ±0.16 mmol/mol, based on 40% duplicate and triplicate samples (n = 45 replicated samples).
We determined a mean Mg/Ca core-top value of 4.43 mmol/mol (±0.03) for the Pigmy Basin from analyses of 0-0.5 cm samples from three subcores of PBBC-1. Converting Mg/Ca to an SST estimate is not straightforward because there are signifi cant differences between existing calibration equations used to derive SST estimates from Mg/Ca. For example, the Pigmy Basin core-top Mg/Ca value of 4.43 mmol/mol results in a temperature estimate of 25.4 °C using the G. ruber equation of Anand et al. (2003) , and 27.2 °C using the equation of Dekens et al. (2002) . However, both equations yield temperature records with identical amplitudes because they use the same exponential constant of 0.09. We chose to calculate SST using the G. ruber-specifi c equation with a fi xed exponential constant [Mg/Ca = 0.449 × exp(0.09 · SST)] from Anand et al. (2003) , because it yielded a core-top SST value of 25.4 °C, equivalent to the modern annual average for the Gulf of Mexico (NOAA/OAR/ESRL, 1994). Due to the discrepancy in absolute SST values between calibration equations, we focus on comparison of the PBBC-1 record to Pigmy Basin core-top Mg/Ca, and highlight the amplitude of temperature change but not the absolute SST estimates.
PIGMY BASIN SST RECORD
Seasonal fl ux data from the Sargasso Sea indicate that the white variety of G. ruber is abundant in surface waters throughout the year (Deuser, 1987) , and our Mg/Ca-derived core-top SST value is equivalent to the mean annual SST for the Gulf of Mexico. Therefore we follow previous work (Flower et al., 2004; LoDico et al., 2006) and interpret variation in Mg/Ca of G. ruber (white variety) as a proxy for mean annual SST. The main features of the Mg/Ca record from PBBC-1 (Fig. 1A) include two multidecadal intervals of sustained high Mg/Ca (>4.4 mmol/mol) between 1000 and 1400 yr B.P. that are separated by a multidecadal interval of lower Mg/Ca. A shift to lower mean Mg/Ca occurred ca. 1000 yr B.P., and lower but variable mean Mg/Ca occurred between 900 and 300 yr B.P. After 250 yr B.P., mean Mg/Ca increased toward the core-top value of 4.4 mmol/mol.
The total amplitude of variability in mean Mg/Ca (~1.4 mmol/mol) indicates a temperature range of ~3 °C from the maxima between 1000 and 1400 yr B.P. to the SST minima occurring between 900 and 300 yr B.P. This range is 75% of the glacial-interglacial range of 4 °C in the Gulf of Mexico (Flower et al., 2004) . The sustained multidecadal-long intervals of high Mg/Ca between 1000 and 1400 yr B.P. are at the beginning of the time range associated with the MWP (ca. 800-1200 yr B.P.; Broecker, 2001 ). The mean Mg/Ca in the Pigmy basin record from 1000 to 1400 yr B.P. exceeds coretop values by ~0.4 mmol/mol, while 11 individual measurements exceed the core-top value by >0.6 mmol/mol. Thus our data provide evidence for mean annual SST in the northern Gulf of Mexico as being warm or warmer than near-modern SST during the early part of the MWP.
Minima in Mg/Ca, defi ned by intervals lasting >50 yr in which the Mg/Ca is more than 0.6 mmol/mol lower than the core-top value (>1.5 °C cooler), are present ca. 850 yr B.P., 700 yr B.P., 450 yr B.P., and 250 yr B.P. The youngest three minima are within the age range associated with the LIA (Crowley and Lowery, 2000) . Multiple individual Mg/Ca measurements between 850 and 250 yr B.P. are >1 mmol/mol lower than the core-top value, indicating that SST in the northern Gulf of Mexico was as much as 2.0-2.5 °C cooler than near-modern SST during several intervals of the LIA. The four Mg/Ca minima coincide with the Oort, Wolf, Spörer, and Maunder minima in the sunspot record. Thus it is likely that the variability in the Pigmy Basin SST record is linked to centennial-scale variability in solar insolation.
IMPLICATIONS FOR LATE HOLOCENE CLIMATE EXTREMES
The magnitude of cooling indicated by Pigmy Basin Mg/Ca during cold extremes of the LIA near 250 and 450 yr B.P. is ~2.0-2.5 °C, coinciding in general with the cold intervals of the LIA centered at A.D. 1800 and 1600 (Crowley and Lowery, 2000) . Oxygen isotopic and Mg/Ca temperature estimates from coral records from Puerto Rico indicate LIA cooling of 1.5 °C ca. A.D. 1800 and 2 °C ca. A.D. 1700 ( Winter et al., 2000; Watanabe et al., 2001) . The Sr/Ca temperature estimates from Bermuda coral ca. A.D. 1850 indicate a cooling of at least 1.0 °C (Goodkin et al., 2005) . SST estimates based on δ
18
O in the planktonic foraminifer G. ruber (white) from the Sargasso Sea suggest cooling of ~1-2 °C 300-400 yr B.P. (Keigwin, 1996) . Thus the ~2.0-2.5 °C LIA cooling derived from the Pigmy Basin is consistent with published LIA cooling estimates from the Caribbean and subtropical western Atlantic. Lund and Curry (2006) obtained 4 Mg/Ca SST records from the Dry Tortugas and the Great Bahama Bank in the subtropical western Atlantic that show very different patterns of variability over the past ~1400 yr. However, all four records indicate that SST during parts of the LIA was ~1.0 °C cooler than modern. In addition, Great Bahama Bank core 125 MC indicates that SST ca. 1200-1300 yr B.P. was similar to modern SST. Newton et al. (2006) developed a subdecadal resolution Mg/Ca SST record from the western tropical Pacifi c that is consistent with the Pigmy Basin SST record. Temperature maxima ca. 1000 yr B.P. are similar to modern SST, and temperature minima during the LIA were 1.0 °C to 1.5 °C below modern. Thus, the near-modern or slightly warmer than modern Pigmy Basin SST esti- mates for ca. 1000 yr B.P. are supported in part by published estimates from the subtropical western Atlantic and the western tropical Pacifi c. The Pigmy Basin Mg/Ca record is compared in Figure 1 to a regional curve standardization (RCS) climate reconstruction derived from tree-ring records at 14 sites in the Northern Hemisphere (Esper et al., 2002) . The RCS record is developed from middle-to high-latitude (30-70 °N) and highelevation sites in the Northern Hemisphere. We chose to compare our record to the Esper et al. (2002) reconstruction because they utilized statistical techniques that preserve multicentennial climate variability after the data are processed. The Pigmy Basin Mg/Ca record and the RCS climate reconstruction show similar patterns of variability. For example, both indicate maximum cooling ca. 200 and 400 yr B.P. Both records contain a multidecadal warm interval ca. 1000 yr B.P., indicating temperature as warm or warmer than near modern temperature. Results of Blackman-Tukey cross-spectral analysis between the two records indicate a signifi cant coherence (at the 95% signifi cance level) for periods >200 yr. The similarity of the Pigmy Basin Mg/Ca and RCS records indicates a link between extratropical continental temperature variability and northern Gulf of Mexico SST on multicentennial time scales. Small differences in the timing of climate extremes between the two records are within the errors of the independent age models.
OXYGEN ISOTOPE AND FAUNAL RECORDS
The relative abundance of G. sacculifer in the planktic foraminifer assemblages and the δ 18 O of G. ruber from core PBBC 1 are plotted with the ssNa record from the Greenland Ice Sheet Project 2 (GISP2) ice core in Figure 2 . G. sacculifer ( Fig. 2A) is abundant in the Caribbean, and variations in the G. sacculifer abundance in the Gulf of Mexico sediments are related to the infl ux of Caribbean surface waters into the Gulf of Mexico and the average position of the Intertropical Convergence Zone (Poore et al., 2004) . The most prominent feature in the G. sacculifer record is an abrupt shift to lower relative abundance at 600 yr B.P.
Interpretation of the δ
18
O record is complicated because the δ
O is infl uenced by changes in SST and the isotopic composition of seawater. The major feature of the mean δ 18 O G. ruber record (Fig. 2B) is a rapid shift to more positive values ca. 600 yr B.P. The mean record prior to 600 yr B.P. is fairly stable with the exception of a decadal-scale excursion to more positive values ca. 1050 yr B.P. After the shift at 600 yr B.P., the δ 18 O record contains several well-defi ned oscillations that culminate in a trend to more negative values over the past 100 yr.
Paired Mg/Ca and δ 18 O measurements can be used to calculate seawater δ 18 O (δ 18 O seawater ). The δ 18 O seawater may then be interpreted in terms of salinity variations. Given the unresolved uncertainties in the absolute Mg/Ca-SST estimates that are used as an input into the equation for deriving δ 18 O seawater , we present the PBBC-1 δ 18 O seawater curve in Figure 3 to illustrate major trends in δ 18 O seawater variability, but do not attach signifi cance to minor fl uctuations or absolute numerical δ 18 O seawater . The major features of the δ 18 O seawater curve include two maxima centered near 500 and 1050 yr B.P. The older excursion coincides with the sustained interval of high SST centered at 1050 yr B.P. (see Fig. 1 ), as well as a multidecadal excursion of higher δ 18 O calcite (see Fig. 2 ). The younger excursion coincides with the mean shift observed in both the G. sacculifer and δ 18 O calcite records (see Fig. 2 ).
LINKS TO HIGH-LATITUDE CIRCULATION
Analysis of a glacio-chemical series of major ions in an ice core from Greenland (GISP2) has revealed a distinct shift in ssNa concentrations at 600 yr B.P. (Meeker and Mayewski, 2002) . When the most recent 100 yr of the ssNa series is compared to the instrumental record of sea-level pressure (SLP) in the North Atlantic, a strong positive relationship between ssNa concentration and intensity of the Icelandic Low (IL) is revealed (Meeker and Mayewski, 2002) . A more pronounced (deeper) IL results in increased winter winds blowing from the North Atlantic onto Greenland, increasing the ssNa content of the ice. Thus the long-term ssNa record (Fig. 2C) is considered a proxy for variability in the IL. The ssNa record contains an abrupt shift in mean values at 600 yr B.P. that is synchronous within dating errors with the abrupt shifts to lower values in the G. sacculifer and δ
18
O record from PBBC-1. The shift in ssNa is interpreted as an atmospheric circulation change resulting in a deeper IL and more intense winter circulation over the North Atlantic at the beginning of the LIA (Meeker and Mayewski, 2002) . Cross-spectral analysis (using the Blackman-Tukey method) between the Pigmy Basin δ 18 O record and the GISP2 ssNa record indicate signifi cant coherence (at the 95% confi dence level) for periods >200 yr. The close correspondence at centennial time scales coupled with the synchronous mean shift observed in both records ca. 600 yr B.P. indicates a link between atmospheric circulation in the North Atlantic and the subtropical Atlantic. No change in Mg/Ca is associated with the shift in the δ 18 O and G. sacculifer records, indicating that the change in regional hydrology ca. 600 yr B.P. is not linked with a major change in Gulf of Mexico SST.
Over the instrumental period, positive ssNa anomalies are highly correlated with an increased SLP gradient between the IL and the Bermuda High (BH) (Meeker and Mayewski, 2002) . The intensifi cation of winter trade winds associated with a larger IL-BH gradient could increase evaporation in the trade-wind belt, thus producing the positive δ
O seawater excursions in the Pigmy Basin record that coincide with increases in ssNa in the GISP2 record.
SUMMARY AND CONCLUSIONS
Close correspondence of the Pigmy Basin Mg/Ca record to the Northern Hemisphere climate reconstruction of Esper et al. (2002) demonstrates coherence between high-latitude terrestrial climate and subtropical Atlantic SST. Raw Mg/Ca during two multidecadal intervals between 1000 and 1400 yr B.P. suggest that SST was as warm or warmer than near-modern SST at that time. Pigmy Basin Mg/Ca data also suggest SST cooling during intervals of the LIA that was at least 2 °C below near-modern SST. The overall amplitude of SST variability in the Pigmy Basin record during the past 1400 yr is ~3 °C, 75% of the glacial-interglacial SST difference estimated in the Gulf of Mexico (Flower et al., 2004) .
SST and hydrologic changes are decoupled on multidecadal to centennial time scales in the Gulf of Mexico. The abrupt shift in δ
18
O calcite and G. sacculifer abundance from the Pigmy Basin ca. 600 yr B.P. coincides with a rapid change in atmospheric circulation as inferred from the GISP2 ssNa record from Meeker and Mayewski (2002) . The data suggest a strong link between atmospheric circulation changes in the highlatitude North Atlantic and the hydrologic changes in subtropical Atlantic ca. 600 yr B.P., but not with SST.
